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SUMMARY 
Ultra-high performance concrete (UHPC) is a relatively new type of concrete that 
has been implemented in bridge construction in many states. UHPC has improved 
mechanical properties such as higher compressive and tensile strengths than conventional 
concrete. In bridge construction, UHPC can be used as joint pour between precast structural 
elements such as deck panels and bulb-T girders. The usage of UHPC can significantly 
reduce construction time and long-term maintenance cost of bridges. However, 
commercially available UHPC is prohibitively expensive and, therefore, is not currently 
widely in bridge construction. For this reason, many studies have worked to develop a non-
proprietary UHPC mix design. Often, silica fume is used as a key component in UHPC, 
however, it is not easily accessible in Georgia. This research focuses on developing and 
evaluating a non-proprietary UHPC mix design using locally-available materials in the 
state of Georgia. Metakaolin and Type F fly ash are used as supplementary cementitious 
materials (SCMs) instead of silica fume. 
In this investigation, a UHPC mix is designed, implemented, and tested to meet 
baseline mechanical properties. The mix design demonstrates the required 28-day 
compressive strength of at least 18,000 psi and tensile strength of at least 750 psi. The 
UHPC mix then underwent testing to further investigate its feasibility in a structural 
application. Precast concrete deck panels were joined together by a closure pour filled with 
UHPC and these panels were tested to determine UHPC joint performance. The deck panel 
specimen tested in this research has demonstrated that the non-proprietary UHPC performs 
 xii 
satisfactorily in a structural load test. Further research is needed to better evaluate and 






CHAPTER 1. INTRODUCTION 
1.1 Problem Statement 
With ever-growing populations comes an increasing need for sustainable 
transportation infrastructure.  To meet modern transportation demands, it is necessary to 
build new infrastructure and rehabilitate existing roads and bridges. Work must be 
completed efficiently to mitigate construction-induced traffic congestion, delays, and 
disruptions. Many states’ Departments of Transportation (DOTs) have adopted accelerated 
bridge construction (ABC) to minimize the negative impacts of infrastructure 
improvement. ABC is a construction technique that can significantly reduce construction 
time and potentially improve service lives of bridges. ABC allows state DOTs to efficiently 
build and rehabilitate bridges without additional strain on already-congested highways. 
The temporal advantage of ABC stems partially from use of precast structural 
elements. Bridge components, such as deck panels and decked bulb tee girders, can be 
made offsite and brought to the construction site. These structural elements are then joined 
together at connection regions using grout or concrete that are able to transfer the required 
shear and moment induced from traffic loads.  In order to successfully join multiple 
structural elements, the connection regions require significant width and extensive 
reinforcement detailing. The involved processes in constructing joint connections and 
assembling the structural elements are often labor-intensive and expensive. 
The development of ultra-high performance concrete (UHPC) has paved the way 
to simplify the construction processes of the aforementioned connection details. Due to its 
 2 
improved mechanical properties compared to conventional concrete and high performance 
concrete (HPC), UHPC can reduce connection width and reinforcement detailing. 
However, commercially available UHPC is proprietary and costs approximately $2,000 per 
cubic yard [1]. The steep price of commercially available UHPC inhibits its potential for 
widespread use in infrastructure development and rehabilitation projects. 
Across the United States, significant research has been conducted and is ongoing 
to develop non-proprietary UHPC mix designs at the state and federal levels. Georgia DOT 
(GDOT) is among the many entities investigating the application of non-proprietary UHPC 
mix comprised of locally-available materials. However, there is a lack of comprehensive 
experimental data on UHPC made with materials from Georgia. This research addresses 
this gap through testing to characterize mechanical properties, including compressive 
strength and flexural tensile strength, of UHPC made with Georgia-sourced materials and 
demonstrates its use for precast deck closure pours.  
1.2 Research Objectives 
The objectives of this research are as follows:  
1. To develop and evaluate a satisfactory non-proprietary UHPC mix that uses 
materials locally available from the state of Georgia and is able to achieve 
a 28-day compressive strength of at least 18,000 psi and a tensile strength 
of 750 psi.  
2. To create a material testing protocol that demonstrates the required 
mechanical properties.  
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3. To develop a structural experiment that shows the ability of the UHPC 
material to be used for precast deck panel closure pours. 
4. To conduct a proof-of-concept experiment to demonstrate the structural 
experimental technique.  
5. To provide recommendations for future phases of testing that will focus on 
optimization of the closure pour and UHPC design.  
1.3 Outline of Thesis 
Chapter 2 discusses numerous studies of UHPC that have been conducted across 
different entities. General material composition of UHPC is examined. This chapter also 
presents and compares mechanical properties of UHPC such as compressive strength, 
flexural performance, and chloride ion penetration. 
Chapter 3 presents the procedures and steps taken in mixing and testing the non-
proprietary UHPC. This chapter discusses, in detail, the necessary mixing procedure and 
rationale for the mixing protocol.  
Chapter 4 delves into the specifics of the mix design as well as the mechanical 
properties of UHPC. Compressive strength and flexural performance of the non-
proprietary UHPC are presented in this chapter.  
Chapter 5 includes the structural experiments. It outlines the construction of 
structural test specimens and the experimental setup as well as results from a proof-of-
concept experiment.  
 4 
Chapter 6 includes the concluding remarks of the thesis as they relate to the research 
objectives. It also provides recommendations for future work and includes specific 
modifications for future phases of experiments. 
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CHAPTER 2. LITERATURE REVIEW 
UHPC is a relatively new type of concrete that has sparked the interest of the civil 
engineering industry. In the United States, UHPC has been used in prestressed concrete 
girder bridges, precast concrete deck panels, and field-cast connections between 
prefabricated bridge components [2]. Compared to conventional concrete, UHPC has 
improved mechanical properties including higher compressive strength, higher ductility, 
and efficient particle packing density. The lack of coarse aggregates in the mix design and 
the usage of fine aggregates and cementitious materials such as fly ash and silica fume 
contribute to the efficient particle packing density and low porosity of UHPC. UHPC has 
very low water-to-cementitious materials (w/cm) ratio compared to conventional concrete. 
Because the w/cm is so low, workability is achieved by using high-range water reducers 
(HRWR) that allow the concrete mix to be easily placed without compromising strength. 
Due to its favorable mechanical properties and versatility, many studies have investigated 
optimizing the mix design of UHPC to accommodate local material availability and 
investigated UHPC as a vital construction material in bridge rehabilitation [3]. 
2.1 Material Composition of UHPC  
Unlike conventional concrete, the material composition of UHPC does not include 
coarse aggregates and has a significantly lower w/cm ratio. Fine sand, generally between 
150 and 600 µm, is used in making UHPC and is the largest constituent in the mix apart 
from steel fibers [4]. The next largest particle is cement, which has a typical particle size 
of 1 to 50 µm. Ground quartz, with a size of 10 µm, is also widely used. Silica fume, the 
smallest particle among the constituents, has a size of 0.1 – 0.3 µm. Silica fume is a widely 
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used material for UHPC due to its high reactivity and ultra-fine particle size [5]. The 
particle sizes of the constituents allow UHPC to have a finely graded and homogeneous 
matrix [6]. 
Steel fibers are also a key component of the UHPC mix design. The addition of steel 
fibers allows UHPC to have more ductility and tensile load carrying capacity than 
conventional concrete. The tensile strength and dimensions of steel fibers vary depending 
on the manufacturer. Table 1 shows the typical material composition of UHPC. 
Table 1: Typical UHPC composition [4] 
Material Weight (lb) per cubic yard Percent by Weight 
Portland Cement 1,200 28.5 
Fine Sand 1,720 40.8 
Silica Fume 390 9.3 
Ground Quartz 355 8.4 
Superplasticizer 51.8 1.2 
Accelerator 50.5 1.2 
Steel Fibers 263 6.2 
Water 184 4.4 
Due to the low w/cm ratio in UHPC, workability is acquired through the use of 
HRWR. In this study, MasterGlenium 7920®, a poly-carboxylate based admixture from 




2.2 Mechanical Properties of UHPC 
2.2.1 Compressive Strength 
  Across numerous studies, a wide range of mechanical properties is observed 
depending on the materials used and the manner in which UHPC was cured. In Federal 
Highway Administration’s (FHWA) 2006 report [6], mechanical properties of a 
commercially available UHPC, Ductal®, were investigated. Steam-treated and untreated 
UHPC specimens demonstrated an average strength of 28.0 ksi and 18.3 ksi, respectively 
[6]. Another study showed compressive strength of UHPC to be 25.8 ksi when cured at 
room temperature [7]. Table 2 summarizes compressive strength of various UHPC mix 
designs across numerous studies. 
Table 2: 28-day compressive strength of UHPC from previous research. 
Research led by 
Compressive Strength 
(ksi)  
Graybeal 18.3 – 28.0 [8] 
US Army Corps of Engineers 25.9 – 31.3 [9] 
Kim Huy Hoang, Philipp Hadl, 
Nguyen Viet Tue 27.7 – 28.6 [10] 
MDOT, Ahlborn, Peuse, Misson 23.9 – 31.1 [11] 
MDT, Berry 19.2 [12] 
Ahmad, Hakeem, Maslehuddin 23.4 [13] 
The variation of compressive strength in the above table is due to a number of 
factors such as varying material composition, w/cm, percentage of steel fibers by volume, 
and curing regime. For example, variation of curing conditions caused specimens from 
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Graybeal to vary from 18.3 – 28.0 ksi. One curing regime subjected specimens to 48 hours 
of curing in a steam environment (90˚C, 95% humidity) followed by a standard laboratory 
environment (22˚C, varying humidity) until testing [8]. The other specimens in this 
research were only subjected to standard laboratory environment until testing. The average 
28-day compressive strength of steam-treated specimens was 28 ksi, versus 18.3 ksi for 
untreated specimens. 
The above studies also used silica fume as a key component in the mix design. 
Silica fume helps improve mechanical properties of the matrix by eliminating voids 
between particles due to its fineness. It also enhances rheology and secondary hydrates 
[14]. However, careful attention must be given in determining the amount of silica fume 
used in the mix design. A high amount of silica fume in the UHPC mix will require a larger 
dose of HRWR because of the relatively high surface area to volume ratio of the particles. 
Using excessive amount of HRWR can cause bleeding or segregation of constituents in 
UHPC [14].  
2.2.2 Tensile Strength 
Different experimental methods such as direct tension, splitting cylinder, and four-
point bending of beams were used to determine tensile capacity of UHPC specimens across 
numerous studies [15]. Graybeal followed procedures from ASTM E8, which is typically 
used for tension testing of metallic materials, to measure the direct tensile strength of 
UHPC specimens. Pilot tests were conducted using 1.0 in. by 2.0 in. by 11.9 in. rectangular 
prisms to determine viability of applying the concepts of the mechanical tests for metals to 
strain-hardening concretes [16]. After adjusting various parameters such as configuration, 
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thickness, shape, and bond length of grip plates, Graybeal confirmed viability of applying 
ASTM E8 procedures to test the tensile strength of UHPC. Specimens with 2 in. cross 
section and lengths of 12 in. and 17 in. were gripped at each end and subjected to a 
maximum tensile load of approximately 180 kN (40.4 kip) [16]. Figure 1 shows the 
configuration used in this study for the two types of specimens. Strain measurements were 
taken along the gauge length centered on the mid-length cross section. A parallel ring 
extensometer with four linear variable differential transformers (LVDTs) were used to 
measure strain. The results from this study showed a range of 1.24 ksi to 1.68 ksi of average 
ultimate strength of specimens. 
 
Figure 1: UHPC direct tension test configuration for 17 in. (left) and 12 in. (right) [16]. 
 Graybeal also measured flexural tensile capacity of UHPC specimens according to 
procedures outlined in ASTM C1609. Peak strength at first crack and peak strength beyond 
first crack are determined. Figure 2 shows a typical configuration of the four-point bending 
test. This research employed three different four-point bend test geometries to investigate 
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flexural behavior of UHPC, labeled  as “L”, “B”, and “S”, as shown in Figure 3. Load and 
midspan deflection were measured during the test period. The associated maximum 
equivalent bending stress, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, is calculated using Equation 1. The results are summarized 
in Table 3 for different UHPC batches and test configurations.  
 




Figure 3: Different four-point bending test configurations used to evaluate flexural 








 𝑀𝑀: maximum moment 
 𝑏𝑏: base of cross section 
 ℎ: height of cross section. 
 
Table 3: Maximum average equivalent bending stress for varying UHPC batches and test 
configurations [16]. 
Batch Name Test Configuration 
Number of 
Specimens Tested 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (ksi) 
B2 
S 5 4.07 
L 6 4.20 
B 6 3.82 
F1A 
S 6 3.50 
L 5 3.92 
F2A 
S 6 2.62 
L 5 3.42 
F1B 
S 6 3.10 
L 5 3.21 
F1C 
S 6 4.04 
L 5 4.13 
 Another research effort performed by Engineer Research and Development Center 
(ERDC) at U.S. Army Corps of Engineers investigated the flexural performance of UHPC. 
ERDC investigated and evaluated the performance of Cor-Tuf, a UHPC mix developed at 
ERDC. Three different dimensions of UHPC beams were tested with and without fibers 
using steps outlined in ASTM C1609. Table 4 summarizes the average flexural strength of 
different beam specimens with steel fiber reinforcement. Flexural strength was also 
calculated using Equation 1. Test results of total applied load versus midspan displacement 
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of 25 mm (0.984 in.) beams with fibers are shown in Figure 4. Steel fibers with tensile 
strength of 1100 MPa (159.5 ksi) used in this research are shown in Figure 5. The legend 
shows labels F1 to F9, which represent batch numbers of UHPC with fiber reinforcement. 
The fibers are 30 mm (1.18 in.) long with a diameter of 0.55 mm (0.217 in.) and are hooked 
at both ends. Cor-Tuf batches used in this research employed 3.6% of steel fibers by 
volume. 
Table 4: Flexural performance of Cor-Tuf beam specimens [18]. 
Beam dimension     








356 by 102 by 25 
(14 by 4 by 1) 
3480 276 8 
356 by 102 by 102 
(14 by 4 by 4) 
4293 116 2.8 
1016 by 102 by 102 
(40 by 4 by 4) 
3466 391 11 
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Figure 4: Applied load versus centerline displacement graph from Cor-Tuf flexural 
performance test [18]. 
 
 
Figure 5: Hooked end fibers used in Cor-Tuf mix design [18]. 
 
 As shown in Figure 4, the initial response of all the specimens is relatively linear. 
After the linear response, the specimens shifted to a nonlinear response until reaching the 
peak load, followed by a softening response [18]. Disregarding the two outliers, the greatest 
variability between specimen responses is observed after the peak load. Two possible 
25.4 mm = 1 in. 

































causes for this variability are the material characteristic and effects due to experimental 
setup. The random distribution and orientation of steel fibers could be the main 
contributing factor in variability of the post peak load response of specimens.  
2.2.3 Chloride Ion Penetration 
The durability of concrete is defined as its capability to continue performing its 
designed functions while maintaining dimensional stability in a given environment [11]. 
High permeability can be a significant cause of durability failure in concrete [19]. Highly 
permeable concrete is vulnerable to chloride ingress, which corrodes embedded steel 
reinforcement. Corroded steel reinforcement may expand up to 600%. [11], leading to 
cracking and spalling of the adjacent concrete and structural damage.  
Previous studies show that UHPC has very low to negligible permeability and thus 
is very durable against chloride ingress. The densely packed matrix and low w/cm ratio of 
UHPC allows it to have very low permeability compared to ordinary concrete, increasing 
its durability. ASTM C1202 is a common testing method to determine whether concrete is 
susceptible to chloride ingress. Graybeal measured the amount of electrical current that 
passed through a 4 in. diameter cylinder by applying a 60V DC potential [4]. A sodium 
chloride solution was applied to one face of the cylinder and sodium hydroxide solution 
was applied to the other side. Table 5 compares the amount of Coulombs passed in UHPC 
specimens that were exposed to different curing regimes. 
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Table 5: Graybeal’s rapid chloride ion penetrability results [4]. 
Curing 
Regime 






Steam 28 3 18 1 Negligible 
Air 28 2 360 2 Very Low 
Air 56 3 76 18 Negligible 
Tempered 
Steam 
28 3 39 1 Negligible 
Tempered 
Steam 
56 3 26 4 Negligible 
Delayed 
Steam 
28 3 18 5 Negligible 
 
 As shown in Table 5, all specimens exhibited chloride ion penetrability ranging 
from “very low” to “negligible”. Air treated UHPC specimens at 28 days showed relatively 
higher amounts of Coulombs passed than those exposed to tempered and delayed steam 
treatment, but still exhibited very low penetrability. A similar conclusion was drawn by 
Ahlborn, Peuse, and Misson [11]. Thermally-treated specimens were tested at 7 and 28 
days and air-treated specimens were tested at 28 days. Table 6 summarizes the test results. 
The values of coefficient of variation (COV) for each curing regime are higher than those 
reported by Graybeal, but still well within the ASTM C1202 standard [20]. 
 
 17 








Charge passed (Coulombs) 
Chloride ion 
penetrability 
Average Standard deviation 
COV 
(%) 
Air 28 4 75 15 20 Negligible 
TT 7 3* 10 1.5 15 Negligible 
TT 28 4 15 3.5 24 Negligible 
*one specimen tested at 8 days   
2.3 UHPC as Joint Pour Between Structural Elements 
Shear keys are used to transfer forces through joints and to prevent relative vertical 
displacements between structural elements, such as deck panels and decked bulb-T girders. 
The structural integrity and durability of concrete used in the shear key is vital to the 
successful performance of a bridge constructed using precast concrete components [21]. 
Two advantages of using UHPC as connection material are simplicity and performance. 
UHPC allows for small, simple connections without requiring post-tensioning or large 
volumes of field-cast concrete [22]. When used as a connection material between structural 
elements, UHPC allows for a significantly simpler reinforcement layout compared to when 
field cast grout is used, as shown in Figure 6. The dense and discontinuous pore structure 
that is further reinforced with steel fibers allows UHPC to have a more homogeneous stress 
distribution, better confinement of embedded rebar, and reduced development and splice 
lengths compared to ordinary concrete [23]. 
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Figure 6: Joint detail using field cast grout (left). Joint detail using UHPC (right) [24]. 
 
Figure 7 shows a UHPC connection detail between precast structural decks used 
by New York State DOT (NYSDOT) on I-81 in Syracuse, New York. The rebars extrude 
into the UHPC connection area by 5-1/4 in. with lap length of only 4 in. 
 
Figure 7: Joint detail of precast concrete decks used by NYSDOT [22]. 
 
 As seen from the above figures, using UHPC as a connection material can help 
reduce the connection width. Along with simpler reinforcement layout, the reduced amount 
of material needed in the connection region can compensate for the relatively higher price 
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of UHPC. The simplicity of connection details can also reduce the cost in labor, formwork, 
and materials.  
2.3.1 Experimentation of UHPC Joint Between Precast Concrete Deck Panels 
NYSDOT in conjunction with FHWA has conducted experiments to assess the 
performance of UHPC closure pour connections [25]. The tests focused on the structural 
performance of UHPC connection undergoing cyclic and monotonic truck wheel loading. 
Figure 8 and Figure 9 show the test setup used to assess longitudinal and transverse UHPC 
connection performance. 
 





Figure 9: Cyclic loading configuration using triangular shear key [25]. 
 
In the above setup, the specimens were subjected to cyclic loads over a load range 
which generates a maximum tensile strain of 100 microns. This tensile strain value was 
used as a conservative upper limit estimate of what a concrete bridge deck would undergo 
during service. Initially, 2 million cycles with a peak load of 16 kips were applied. Then, 
absent signs of degradation, the load range was increased by a factor of 1.33 and 5 million 
additional cycles were applied. After the cyclic loads, each specimen was subjected to 
monotonically increasing load until failure. The specimens were monitored visually and 
electronically throughout the duration of the test for signs of concrete cracking, interface 
debonding, and flexural stiffness and strain distribution of specimens.  
Figure 10 shows the strain and displacement results for one of the specimens. The 
strain per applied load remains relatively constant during the two phases of cyclic loading. 
This indicates that the load distribution across the joint through the bonds between the 
UHPC and precast concrete remained intact throughout the test. 
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Figure 10: Strain and displacement results from cyclic loading test [25]. 
 
In addition to the UHPC connection, FHWA has also conducted tests that compare 
the performance of different field-cast grout materials and connection details of precast 
concrete deck panels [26]. The general details of specimens used in this research are shown 
in Figure 11. The variation in lap splice lengths within the connection region between two 
deck panels is due to the varying development lengths of rebars embedded in different 
grout materials. The grout materials are G1, G1IC, M1, E1, and U2, which stand for non-
shrink cementitious grout, non-shrink cementitious grout with internal curing, magnesium 
phosphate grout, epoxy grout, and UHPC, respectively.  
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Figure 11: Deck level connection specimens and test variables [26]. 
 
The UHPC used in this experiment is a proprietary mix that was pre-blended and 
pre-bagged by the manufacturer. The pre-bagged powder was mixed with a phosphonate 
plasticizer, a polycarboxylate HRWR, a non-chloride accelerator, and steel fibers. The 
fibers were provided by a separate manufacturer from the UHPC. The nominal length and 
diameter of the fibers are 13 mm (0.512 in.) and 0.2 mm (0.008 in.), respectively. The 
tensile strength of fibers was specified by the manufacturer as 290 ksi [26]. The surface of 
the deck panels along the length of the joint had exposed aggregate (EA) finish with 
amplitude of 1/4 in. to provide bond between the grout materials and the concrete deck 




Figure 12: EA surface of a precast concrete deck [26]. 
 
The specimens in this experiment were subjected to three different loading 
procedures applied in succession: pre-crack cyclic loading, post-cracking fatigue loading, 
and monotonic ultimate loading. If a specimen lost the capability to withstand further 
loading during one of the loading procedures, then subsequent loading was not applied 
[26]. Figure 13 shows the setup for a four-point bending test of the specimens. 
 24 
 
Figure 13: Deck panel specimen during loading [26]. 
 
The applied load during pre-crack cyclic loading procedure ranged between 10 and 
120 percent of the cracking moment, Mcr. During this procedure, observations were made 
to identify first cracking at the interface between precast concrete and grout materials. 
Premature interface cracking can lead to durability issues because external agents such as 
water and chloride can penetrate through the cracks. The majority of specimens that 
employed a non-shrink cementitious grout (G1) showed interface cracking even before the 
loads were applied due to shrinkage. All specimens that employed a magnesium phosphate 
rapid-setting cementitious grout (M1) showed interface cracking after 0.8Mcr cycles. G1 
and M1 grouts showed poor bonding with the precast concrete surfaces regardless of joint 
surface preparation. Specimens that used epoxy (E1) and UHPC (U2) grout fared well. 
Interface cracking were observed for all the specimens with sand-blasted joint surfaces 
using E1 grout at the 0.8 Mcr cycles. The remaining specimens showed interface cracking 
 25 
between 1.0 Mcr and the end of the loading procedure. The specimens that employed U2 
grout without EA joint surface showed interface cracking at 0.8 Mcr cycles. All the 
specimens that had EA joint surface exhibited interface cracking beyond at least 1.2 Mcr 
cycle. The observations during and after the pre-crack cyclic loading indicate that UHPC 
performed better than all the other connection materials when EA surface preparation was 
employed. Figure 14 shows representative photographs of the connection regions after the 
loading procedure. Figure 15 shows a computerized drawing of cracks that occurred in the 
specimens using UHPC connection. The drawing shows that there were no cracks that 
occurred due to shrinkage. 
 




Figure 15: Computerized illustration of damage progression during pre-cracking cyclic 
loading for a specimen employing UHPC connection [26]. 
 The lack of cracks within the connection region during pre-cracking cyclic loading 
indicates that when the UHPC connection fails, it will do so after the panels have failed. 
This particular investigation showed that the full flexural capacity of the deck panels was 
realized before failure occurred, due to concrete crushing, for specimens that employed 
UHPC connections [26]. The UHPC connections allowed the deck panel specimen to 
behave as though it were monolithically cast. The simpler connection detail, long-term 
maintenance cost, and durability of UHPC are some of the advantages of employing it as 
a connection material [26].  
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CHAPTER 3. METHODOLOGY FOR MATERIAL AND 
MECHANICAL TESTING 
In the interest of using materials that are easily procurable in the state of Georgia, 
a non-proprietary mix design using metakaolin and Class F fly ash was designed. This 
design had to be feasible to mix and pour in the field. This chapter outlines the procedures 
developed for this mix design that resulted in consistent strength and workability of the 
mix. Also, the mechanical properties of the mix design are evaluated based on two 
proposed strength parameters: a compressive strength of 18,000 psi and sufficient flexural 
tensile strength at 28 days. These criteria were assessed though compressive and flexural 
testing of the UHPC mix designs. This chapter also includes description of specimen 
preparation and methodologies for mechanical testing carried out in Chapter 4.  
3.1 Mixing Procedure 
An intensive mixer manufactured by Eirich USA was used to make all UHPC in 
this study. The model of the mixer is R08W, which has a capacity of 75 L (2.65 ft3) and 
120 kg (265 lbs) [28]. Figure 16 and Figure 17 illustrate the mixing method and turning 
geometry of R08W. The rotor and mixing pan rotate in opposite directions allowing 
materials to mix thoroughly. The fixed scraper also agitates the concrete mix. The 
combination of high rotating speeds and geometry produces optimum homogenization of 




Figure 16: Mixing method and turning geometry of the Eirich Intensive Mixer (R08W) 
[29]. 
 
Figure 17: UHPC being mixed with R08W. 
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Figure 18: Eirich R08W used to make all UHPC in this investigation. 
 
To achieve optimum workability and consistency in the UHPC mix, several 
procedures were implemented. Masonry sand, metakaolin, cement, and fly ash are initially 
dry mixed for a total of 10 minutes in order to break up any agglomerations and ensure that 
materials are evenly dispersed. It has been observed that using metakaolin drives up the 
temperature of the mix to a noticeable degree. A higher temperature of the mix can decrease 
the workability of UHPC. To offset the increase in temperature, at least half of the water 
was replaced with ice cubes. The step-by-step procedure is: 
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1. Add masonry sand and metakaolin in the mixer. Mix at ~250 rpm for 5 minutes. 
2. Add cement and fly ash. Mix at ~250 rpm for 5 minutes. 
3. Take 3/4 of HRWR and add to 0.175 of w/cm worth of water. Stir thoroughly. 
4. Keep running the mixer at ~250 rpm. Gradually pour the water-HRWR solution 
into the mix over the course of 1 to 2 minutes. 
5. After all of water-HRWR solution has been added, increase the speed to ~400 
rpm. Mix for 8 minutes. 
6. Pour the remaining 1/4 of HRWR into the remaining 0.005 w/cm worth of water. 
7. Gradually pour the remaining water-HRWR into the mixer in 1 minute. 
8. Decrease the speed to ~180 rpm. Mix for 5 minutes. 
9. Perform flow table test per ASTM C1437 with exceptions outlined in ASTM 
C1856. 
10. Keep the mixer running at ~60 rpm while performing flow test. 
11. Once desirable flow diameter is confirmed, gradually add steel fibers to the mix 
within 1 to 2 minutes. Mix at ~180 rpm for 5 minutes. 
12. Cast UHPC. 
The mixing procedure was developed through multiple trial pours in the laboratory. 
Satisfactory workability is achieved when there is a delayed addition of water and HRWR 
(steps 6 and 7). If all the batch water and HRWR are added at the very beginning of wet 
mixing, the UHPC has a state of poor workability. The mix also sets up relatively quickly 
in the mixer and becomes extremely difficult to place into molds. It has been observed that 
when UHPC is allowed to sit in the mixer for longer than 10 minutes without agitation, a 
dry skin forms on the surface that makes the mix more difficult to maneuver. Although this 
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dry skin is easy to break apart manually, it is recommended to agitate the mix using the 
mixer to avoid difficulties in placing fresh UHPC. In the above procedure, step 10 was 
implemented to address this issue. This is especially prescient when casting UHPC in 
multiple layers, since the dry skin can potentially create an interface between layers and 
reduce the randomness of steel fiber orientation. It is important to determine the flow 
diameter of freshly mixed UHPC, step 9, prior to adding steel fibers, step 11. When fibers 
are added without achieving the desired flow diameter of UHPC, the mix stiffens and loses 
significant workability. This can result in poor quality of casting as shown in Figure 19.  
 
Figure 19: 100 mm cube specimen. The shape is distorted due to poor workability of 
UHPC. 
 
3.2 Testing Procedure 
3.2.1 Compressive Strength Test Procedure 
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During the development of a non-proprietary mix design, UHPC specimens used to 
test for compressive strength were cast into 100 mm (3.94 in.) cubic molds. 3 in. by 6 in. 
cylinders were also cast along with the 100 mm cubes during construction of structural test 
specimens which will be discussed in detail in Chapter 5. One cubic foot of UHPC was 
made per batch during the development of non-proprietary UHPC mix design. The 
dimensions of cube and cylinder specimens and the load rate at which they were tested 
conform to specifications in British Standards (BS) EN-12390 and ASTM C39, 
respectively. In order to perform the compressive strength tests, smooth testing surfaces 
are required. Unlike cylindrical molds, cubic molds allow the specimens to have five 
smooth surfaces. Grinding down an uneven surface for testing was not necessary, which 
helped expedite the process. Figure 20 shows the molds used to make compressive test 
specimens. Cube and cylinder specimens that are ready for testing are shown in Figure 21 
and Figure 22, respectively. All compressive strength test specimens were placed in a static 
servo-hydraulic SATEC compression frame that has a capacity of 800 kips. Testing was 
displacement-controlled and displacement was increased steadily by the SATEC until 
automatically stopped, when the specimen lost further load-carrying capacity. The 
maximum load is recorded for every specimen. 
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Figure 20: 100 mm cube molds used for casting UHPC. 
 
 
Figure 21: 100 mm UHPC cube specimen ready for testing. 
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Figure 22: 3 in. by 6 in. UHPC cylinder ready for testing. 
 
 For every batch of UHPC during the mix design development and structural 
specimen construction, nine cubic specimens were cast and screeded before being covered 
with plastic wraps in order to prevent moisture loss. Screeding UHPC is not always 
recommended nor manageable, especially in a larger-scale cast. However, screeding was 
done in this investigation to ease the preparation process for testing. Cylinder specimens 
were cast only during the construction of closure pours between precast concrete deck 
panels. All specimens were removed from their molds 24 hours after being cast. They were 
subsequently stored in a fog room at 73˚F and allowed to cure until testing. There was no 
thermal treatment of specimens or any other notable curing regime. Compressive tests were 
performed 3, 7, and 28 days after casting. Three cube specimens and three cylinder 
specimens were tested on each test day. The ends of cylinder specimens were ground with 
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an end-grinder shown in Figure 23 in order to ensure smooth testing surfaces. For cube 
specimens, the testing procedure adhered to EN-12390-3. The load rate specified in EN-
12390-3 is between 0.2 MPa/s (29 psi/s) and 1.0 MPa/s (145 psi/s) [30]. The average value, 
0.6 MPa/s (87 psi/s), was chosen for all compressive strength tests of cubic specimens in 
this study. For cylinder specimens, the load rate of 37 psi/s specified in ASTM C39 was 
modified to 150 psi/s per Graybeal’s previous study [4]. 
 
Figure 23: Grinding a 3 in. by 6 in. cylinder to ensure smooth testing surface. 
 
3.2.2 Flexural Test Procedure 
Beam specimens were cast in order to evaluate the flexural performance of non-
proprietary UHPC. These specimens were cast simultaneously with the cube and cylinder 
specimens. Specimens were covered with plastic wraps after casting and were demolded 
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24 hours later. They were then placed in a fog room at 73˚F until testing at 28 days after 
being cast. Two dimensions of beams were used: 2 in. by 2 in. by 17 in. and 3 in. by 3 in. 
by 12 in. with span length of 14 in. and 9 in., respectively. Three specimens were cast for 
each dimension. Different dimensions were used to evaluate the consistency in flexural 
performance. Figure 24 shows the beam molds that were used to cast specimens. A four-
point bending test configuration was followed per ASTM C78 and C1609 as shown in 
Figure 25. Beam specimens were placed on a test fixture with an adjustable support span. 
One of the two supports of the bottom fixture was allowed to slide laterally as the specimen 
was loaded, acting as a roller support. An LVDT is used to measure the midspan 
displacement throughout the test. A load cell with a capacity of 10 kips was used to measure 
the load as the specimen was loaded at 0.01 in/min. The load and midspan displacement 
data were acquired using National Instrument’s LabVIEW, a data acquisition program, at 
a rate of 3 Hz. 
 









CHAPTER 4. EVALUATION OF MATERIAL AND MECHANICAL 
PROPERTIES OF NON-PROPRIETARY UHPC 
 A non-proprietary UHPC mix design for GDOT should have a compressive 
strength of at least 18,000 psi at 28 days and sufficient tensile strength and ductility. The 
high compressive strength and tensile capacity of UHPC will allow for smaller and simpler 
joint connections between structural elements in ABC. The materials used to make this 
UHPC should also be easily acquired within the state of Georgia. This chapter evaluates 
the material and mechanical properties that satisfy the above requirements. 
4.1 Mix Design 
Table 7 shows the material composition of the non-proprietary UHPC mix. For 
comparison, Table 8 shows one of several non-proprietary mixes from a previous study by 
Graybeal. The mix design in Table 8 is chosen for comparison amongst others because of 
its high average 28-day compressive strength of 29 ksi and identical amount of cement 
used in the non-proprietary mix [1]. In order to differentiate the two mix designs, each mix 
is given a specific nomenclature. The non-proprietary mix in Table 7 is referred to as 
1F31K8. The mix with silica fume is referred to as 1F24Sf25. Figure 26 explains the 
nomenclature in detail. Table 9 summarizes the materials and their respective suppliers. 
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Table 7: Material composition of 1F31K8. 
Materials Weight (pcy) Ratio per Cement Weight 
Type I Portland Cement 1248 1 
Class F Fly ash 387 0.31 
Metakaolin 100 0.08 
Masonry sand 1997 1.60 
HRWR 25.7 0.02 
Water 303 0.24 
Steel fibers 264.6 0.21 
 
Table 8: Graybeal's non-proprietary mix [1]. 
Materials Weight (pcy) Ratio per Cement Weight 
White cement 1248 1 
Fly ash 303 0.24 
Silica fume 312 0.25 
Fine aggregate 1871 1.5 
HRWR 45 0.036 




Figure 26: Explanation of nomenclature used to differentiate mixes. 
 
Table 9: Materials and their respective suppliers for 1F31K8. 
Materials Suppliers 
Type I Portland Cement LaFarge-Holcim 
Class F Fly Ash Boral Resources 
Metakaolin BASF Kaolin 
Masonry sand Vulcan Materials 
HRWR MBCC Master Builders Solutions 
Steel Fibers Bekaert 
 
The HRWR used in the non-proprietary mix is MasterGlenium® 7920. It is a 
polycarboxylate ether HRWR that conforms to ASTM C494 requirements [31]. Steel fibers 
marketed under the name Dramix® were procured from Bekaert. These fibers have 
nominal length of 13 mm (0.5 in.), diameter of 0.2 mm (0.008 in.), and tensile capacity of 
2,600 MPa (377 ksi) [32]. Masonry sand used in the mix has all particles passing through 
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the No. 4 sieve and a fineness modulus of 1.59. The absorption capacity and specific gravity 
of the masonry sand is 0.51% and 2.58, respectively. Figure 27 shows the sieve analysis 
results for the masonry sand procured from Vulcan Materials’ Kennesaw quarry. Details 
of the sieve analysis of masonry sand used in 1F31K8 are shown in Appendix A. 
 
Figure 27: Sieve analysis result of masonry sand used in 1F31K8. 
4.2 Initial Observations of UHPC 
4.2.1 Observations of 1F31K8 
As mentioned previously, it is important to achieve satisfactory workability of 
UHPC prior to adding fibers. The desired flow diameter of 1F31K8 is at least 9 in., 
adhering to procedures listed in ASTM C1437 with modifications outlined in ASTM 
C1856 [26]. This value is chosen based on numerous observations of UHPC mixtures that 






















of 7-5/8 in. and relatively poor workability is shown in Figure 28. An acceptable flow 
diameter of approximately 9-1/4 in. in one direction is shown in Figure 29. Increasing the 
w/cm ratio of the mix design can help increase the workability of UHPC. However, it 
should be noted that increasing w/cm ratio can lead to segregation of steel fibers. This can 
render the UHPC ineffective, as it reduces the randomness of fiber distribution. 
 





Figure 29: Flow diameter of 9-1/4 in. indicative of good workability. 
 
4.2.2 Comparison to Mix Design from Literature 
In order to directly compare the mix design developed for GDOT’s use, the 
aforementioned 1F24Sf25 was also mixed and tested during this investigation. The main 
difference is the use of silica fume instead of metakaolin. Silica fume used in this 
investigation was supplied by Elkem Materials. While mixing 1F24Sf25, there was no 
significant rise in temperature of the mix unlike in the case of 1F31K8. The reason for this 
may be due to the absence of metakaolin in 1F24Sf25. Figure 30 shows a flow table test 
for 1F24Sf25. The average flow diameter was 8-5/8 in. Although the flow diameter is lower 
than the desired diameter for 1F31K8, 1F24Sf25 displayed satisfactory workability for a 
prolonged period of time. 
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Figure 30: Flow test of 1F24Sf25. 
 
It is noteworthy to mention that a 1:1 replacement of silica fume with metakaolin 
did not result in a successful batch of UHPC. Rougeau and Borys investigated use of 
ultrafine particles other than silica fume in UHPC mixes. Using metakaolin and pulverized 
fly ash in UHPC required a higher dosage of superplasticizer and water to achieve the same 
workability as UHPC using silica fume [33]. Although higher amounts of water can 
improve the workability of UHPC, it will compromise the strength and quality of the final 
product. These observations align with those made in this investigation. During the 
development of 1F31K8, a higher metakaolin to cement ratio resulted in poor workability 
in several batches. Figure 31 shows a mix with 0.12 of metakaolin-to-cement ratio that 
became relatively solid and lumpy prior to the flow test. Figure 32 shows a flow diameter 
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of 4-3/8 in. of the UHPC mix. The mix had very poor workability and did not behave like 
a self-consolidating concrete.  
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Figure 31: Indication of poor workability of a UHPC batch with 0.12 metakaolin-to-
cement ratio. 
 




4.3 Mechanical Properties 
4.3.1 Compressive Strength During Development 
For compression tests, one common failure mode was observed across every cube 
specimen. The steel fibers in the mix design of UHPC allowed specimens to fail in a ductile 
mode. Figure 33 shows the failure mode of cube specimens. The cubic shape of each 
specimen is somewhat retained due to the steel fibers. The surface cracks that are shown 
in Figure 33 reveal how fibers are holding onto the concrete and prevent it from failing 
abruptly. Delamination of surfaces is a common observation made across all the cube 
specimens that failed in compression. 
 
Figure 33: Failure mode of 100 mm UHPC cube specimens after compressive strength 
test. 
The average compressive strength test results across nine batches of 1F31K8 during 
development are shown in Table 10. Average compressive test results for two batches of 
1F24Sf25 are shown in Table 11. A bar graph comparing the average strength results 
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between the two mixes is shown in Figure 34. All test results are summarized in Appendix 
A. 
Table 10: Average compressive strength of 1F31K8 during development. 
Days cured Average Strength (ksi) 
Standard deviation 
(ksi) COV (%) 
3 14.35 0.79 5.48 
7 16.14 0.68 4.24 
28 18.55 1.11 5.96 
 
Table 11: Compressive test results for 1F24Sf25. 
Days cured Average Strength (ksi) 
Standard deviation 
(ksi) COV (%) 
3 12.86 0.19 1.50 
7 14.10 0.81 5.72 




Figure 34: Average compressive strength of two mixes. 
It can be seen from the above tables that the values of coefficient of variation in 
both mix designs across all the batches are less than 6%. This demonstrates consistency in 
the mixes, likely due to the high shear mixer’s ability to homogenize the materials. It is 
also noted that compressive strength of 1F24Sf25 is lower than that of 1F31K8 for all three 
curing times. 1F24Sf25 is based on a non-proprietary mix design by Graybeal with a 
reported compressive strength of 29 ksi [1]. It should be noted that the material suppliers 
here may not be the same as those used by Graybeal. Also, the mixer used to make the 
UHPC batches in Graybeal’s studies is an open, 1/2 horsepower bench top mixer that is 
not identical to the one used in this investigation. These reasons could have led to 






























4.3.2 Compressive Strength Results of Cubes and Cylinders 
Cylinder specimens were cast and tested alongside cube specimens for batches of 
1F31K8 that were used as closure pours between precast concrete deck panels. Further 
detail regarding construction of closure pours between precast concrete deck panels will 
be discussed in Chapter 5. Figure 35 shows cylinder specimens that failed under 
compression. Similar to the cube specimens, the cylinder specimens also displayed ductile 
modes of failure. Delamination of surface is evident in all the cylinder specimens. 
 
Figure 35: 3 in. by 6 in. cylinders after compression tests. 
 The compressive strength results of 1F31K8 used in closure pours are summarized 
in Table 12. Batch numbers that start with the letter “C” indicates that these batches were 
used to construct closure pours of structural test specimens. The coefficient of variability 
for these results are summarized in Table 13. The data suggests that there is only a minor 
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difference in strength values of 3 in. by 6 in. cylinders and 100 mm cubes until the 28-day 
tests. Coefficient of variability across different batches, test days, and specimen shapes also 
suggest that there is consistency in the mixes. This suggests that cube specimens may be 
viable to evaluate the compressive strength of UHPC. Using cube molds for casting UHPC 
is more convenient because of multiple smooth testing surfaces, whereas cylinders require 
grinding down both ends to ensure smooth testing surfaces.  
Table 12: Average compressive strength of 1F31K8 used in closure pour. 
Batch No. 
Days Cured 
3 7 28 
Cubes Cylinders Cubes Cylinders Cubes Cylinders 
Average strength (ksi) 
C1 15.50 15.44 17.45 17.96 21.04 23.92 
C2 16.02 16.13 18.34 18.89 20.32 24.31 
C3 15.83 15.52 17.66 18.73 --* --* 
C4 16.75 16.57 18.71 20.48 --* --* 
*: specimens are not at 28 days at the time of reporting. 
Table 13: Coefficient of variability of compressive strength of cylinders and cubes. 
Batch No. 
Days Cured 
3 7 28 
Cubes Cylinders Cubes Cylinders Cubes Cylinders 
Coefficient of variability (%) 
C1 3.06 --* 0.37 --* 2.09 --* 
C2 0.49 1.37 1.13 0.25 2.34 0.76 
C3 0.82 3.11 2.07 1.62 --** --** 
C4 1.05 0.46 2.27 1.72 --** --** 
*: only one cylinder was tested, no coefficient of variability was calculated. 
**: specimens are not at 28 days at the time of reporting. 
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4.3.3 Flexural Performance 
Flexural performance of beam specimens were evaluated using four-point bending 
configuration, as detailed in Chapter 3. Due to the steel fibers in the UHPC matrix, every 
specimen failed in a ductile manner. Figure 36 shows how a crack that formed in the middle 
third of the span gradually increased in size throughout the test. This is in stark contrast to 
the brittle manner in which an unreinforced UHPC beam fails, as shown in Figure 37. An 
overview of the failure mode of UHPC beam specimens with fiber reinforcement is shown 
in Figure 38. 
 





Figure 37: Unreinforced Cor-Tuf beams after failure [9]. 
 
 
Figure 38: UHPC beam specimens after failure. 
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 The ductility of 1F31K8 can be observed quantitatively in the load-displacement 
graph acquired from testing. Figure 39 and Figure 40 show representative load-
displacement graphs of three 2 in. by 2 in. by 17 in. and 3 in. by 3 in. by 12 in. specimens, 
respectively. All flexural test results are summarized in Appendix A. After the first peak 
load, the UHPC beams maintain load carrying capacity throughout the duration of the test, 
until at least a midspan deflection of L/150, where L represents span length. The modulus 
of rupture, as determined using Equation 2, of 1F31K8 beams cast during development are 
summarized in Table 14. The same quantities for beams cast during construction of closure 
pours of structural specimens are summarized in Table 15. The modulus of rupture at both 
peak load and first peak load are at least 2,000 psi across all specimens that have been 
tested regardless of their dimensions. To compare with data from literature, Equation 1 was 
used to calculate the flexural strength of both 2 in. by 2 in. and 3 in. by 3 in. beams. Table 
16 and Table 17 summarize the average flexural strength of 1F31K8 beams. The average 
flexural strength of 2 in. by 2 in. beams across all the batches is 2,895 psi. The average 
flexural strength of beams of equivalent dimension and span from Graybeal is 3,775 psi 
(see configuration L in Table 3). The difference in strength may arise from the fact that all 
the beams in this investigation were tested 28 days after casting and were stored in a curing 
room until the day of the test. Graybeal’s specimens were tested 3 months after casting and 
a majority of specimens underwent steam curing [16]. 
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Specimen 1 Specimen 2 Specimen 3
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 𝑓𝑓𝑟𝑟 : modulus of rupture, psi 
 𝑃𝑃: the load, lbf 
 𝑃𝑃: the span length, in. 
 𝑏𝑏: average width of the specimen at the fracture, as oriented for testing, in., and 





















Specimen 1 Specimen 2 Specimen 3
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Table 14: Average modulus of rupture of 1F31K8 beams cast during development. 
Dimension 
b by h by l (in.) Span (in.) 
𝒇𝒇𝒓𝒓 @ first peak 
load (psi) 
𝒇𝒇𝒓𝒓 @ peak load 
(psi) 
2 by 2 by 17 14 2215 2550 
3 by 3 by 12 9 2385 2860 
 
Table 15: Average modulus of rupture of 1F31K8 beams cast during closure pour 
construction. 
Dimension 
b by h by l (in.) Span (in.) 
𝒇𝒇𝒓𝒓 @ first peak 
load (psi) 
𝒇𝒇𝒓𝒓 @ peak load 
(psi) 
2 by 2 y 17 14 2845 3045 
3 by 3 by 12 9 2735 3250 
 
Table 16: Average flexural strength of beam specimens cast during development using 
Equation 1. 
Dimension 
b by h by l (in.) Span (in.) 
Average flexural 
strength (psi) 
2 by 2 by 17 14 2740 
3 by 3 by 12 9 2860 
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Table 17: Average flexural strength of beam specimens cast during closure pour 
construction using Equation 1. 
Dimension 
b by h by l (in.) Span (in.) 
Average flexural 
strength (psi) 
2 by 2 by 17 14 3125 
3 by 3 by 12 9 3250 
 
 Upon completion of each test, specimens were inspected to determine whether the 
major cracks occurred within the middle third of the respective spans. Data of specimens 
with cracks that occurred outside of the middle third are not reported. Figure 41 through 
Figure 44 show major cracks that occurred in 2 in. by 2 in. and 3 in. by 3 in. beams. 
 




Figure 42: Close-up of the major crack that occurred in the 2 in. by 2 in.  beam. 
 
 




Figure 44: Close-up of the major crack in the 3 in. by 3 in. beam. 
It was observed that the steel fibers bridge the major cracks in the two specimens. 
The engagement of steel fibers in the cracked zone of the cross section allows for a ductile 
failure of UHPC beams. Rupture of steel fibers was not observed, which indicates that the 
failure mode of UHPC beams occurred due to fiber pullout from the matrix. The ductile 
mode of failure was also observed in the case of compression tests. The ductile behavior 
of UHPC can potentially allow for reduction of the amount of steel reinforcement as well 
as the reduction of the development length of individual reinforcement bars.   
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CHAPTER 5. STRUCTURAL EVALUATION OF NON-
PROPRIETARY UHPC 
In order to evaluate structural viability of the UHPC with Georgian materials in 
joint pours, precast concrete deck panels of various dimensions were constructed with 
reinforcing steel bars protruding from one side. All panels in this investigation were 
fabricated at Tindall Corporation’s precast concrete plant in Conley, Georgia. Two panels 
of equal dimension and embedment length of reinforcement were connected to each other 
using UHPC as a closure pour. Much of the design of concrete panels and the test setup 
were based on Graybeal’s previous research on UHPC connections between precast bridge 
deck elements. This chapter describes the design, construction, and testing processes and 
results for the structural evaluation of UHPC closure pours.  
5.1 Precast Concrete Deck Panels 
5.1.1 Design 
The precast concrete deck panels that are joined together by UHPC were designed 
as if they were monolithically cast. Protruding reinforcement from two deck panels were 
interlaced to create a non-contact lap splice region. This connection region was then filled 
with UHPC. A plan view of 28 in. by 40 in. and 40 in. by 96 in. panels are shown in Figure 
45 and Figure 46, respectively. Four different types of concrete panels were constructed 
with different dimensions, connection region geometry, and embedment length of 
reinforcing bars into UHPC. Table 18 summarizes variables in each of the panels. Most of 
the specimens employ 5 in. of embedment length and 4 in. of non-contact lap splice of 
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protruding rebars in the UHPC connection. This is a recommendation from Graybeal’s 
previous research. It also followed GDOT’s current practice, which specifies a minimum 
embedment length of 8 times the bar diameter [34]. This requirement applies for No. 8 bar 
and smaller with yield strength of 75 ksi or less embedded in UHPC with 2% steel fiber 
content by volume [23].  
 




Figure 46: Plan view of a structural test specimen (2) 40 in. by 96 in. panels. 
 
Table 18: Parameters of various precast concrete deck specimens. 
Panel 
dimension 








28 by 40 by 6 5 4 None 4 
28 by 40 by 6 5.75 5.5 None 4 
28 by 40 by 9 5 4 GDOT 
specified 
4 




The panels have two types of connection geometry as shown in Figure 47 and 
Figure 48. In Graybeal’s previous research, triangular and trapezoidal shear key geometries 
were used to increase the bonding area between UHPC and precast concrete as shown in 
Figure 49. However, such geometries involve more detailed and extensive effort in creating 
formworks. To address this issue, specimens that do not incorporate key geometries (Figure 
47) were constructed along with those that have geometries specified by GDOT (Figure 
48). The surfaces of concrete panels that are in contact with UHPC is specified to have EA 
surface with 1/8 in. amplitude per GDOT’s recommendation in order to enhance the bond 
between UHPC and concrete panels. 
 




Figure 48: GDOT specified joint detail. 
 
 
Figure 49: Trapezoidal and triangular shear key details [26]. 
 
Strength calculations were performed with the assumption that these panels are 
monolithically cast with continuous reinforcement. Whitney stress block analysis was used 
to calculate the moment capacity of the panel cross section. The specified compressive 
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strength of the deck panels is 6,000 psi at 28 days. Detailed calculations can be found in 
Appendix B. The nominal cracking, yielding, and ultimate moment strengths of 6 in. thick 
panels are summarized in Table 19. Only No. 5 black bars of Grade 60 are used as 
reinforcement in this study. Figure 50 shows the cross-sectional used to calculate the 
moment capacity of deck panels. 
Table 19: Cracking, yielding, and nominal moment capacities of panel cross sections. 
Final panel dimension 









28 by 6 by 102 8.85 26.32 27.45 
 
 
Figure 50: Cross-section of 6 in. thick deck panel specimen. 
 
5.1.2 Construction of Deck Panel Specimens for Structural Test 
All precast deck panels were constructed at Tindall Corporation’s precast concrete 
plant in Conley, Georgia. For every deck panel, a strain gauge was installed on one of the 
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No. 5 bars that will be in tension during structural load testing. Figure 51 shows a No. 5 
bar that has been ground to create a smooth surface for strain gauge installation. All strain 
gauges are from Vishay Precision Group, Inc. (VPG) and have resistance of 350 Ω 
(±0.3%). The bond agent used to attach these strain gauges to the bars is also from VPG. 
Strain gauges were wrapped with layers of electric tape and foam tape to provide protection 
from concrete and water during deck panel construction as shown in Figure 52. Spray on 
sealant was used to add another layer of protection against water seepage in Figure 53. 
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Figure 51: Surface preparation for strain gauge attachment. 
 
 




Figure 53: Spray-on sealant being applied to provide protection against water. 
Once strain gauge installation was complete, the bars with strain gauges were 
placed in their respective locations in the panel formworks. An example of a bar as part of 
the reinforcement cage is shown in Figure 54. Spacing between reinforcing bars and cover 
distances were measured to ensure panel construction adheres to the design specifications. 
Figure 55 shows a measurement being taken to confirm spacing of reinforcing bars. Figure 
56 shows another measurement that confirms the cover distance of bottom bars for one of 
the larger panels. A layout of reinforcing bars for a 28 in. by 48 in. by 9 in. panel is shown 
in Figure 57. Hooked No. 4 bars were installed prior to casting all the panels for lifting 
purposes shown in Figure 58. 
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Figure 54: No. 5 bar with a strain gauge inside reinforcement cage. 
 
 
Figure 55: Checking reinforcement spacing of 6 in. 
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Figure 56: Checking bottom cover of steel reinforcement in a specimen. 
 
 




Figure 58: Hooked No. 4 bars placed inside reinforcement cage for lifting purposes. 
 After placing the reinforcing bars, the deck panels were cast in one batch using a 
ready-mix truck shown in Figure 59 and Figure 60. Once all the panels were cast, they 
were covered with tarp to prevent moisture loss, as shown in Figure 61. All the formwork 
was removed 4 days after casting. Figure 62 shows compression test cylinders that were 
cast to evaluate concrete strength at 7 and 28 days after casting and also on the day of the 
structural test. Four cylinders were tested on each of the test days. The compressive 
strength of concrete used in deck panels is summarized in Table 20. The compressive 
strength tests adhered to procedures outlined in ASTM C39.  
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Figure 59: Deck panel specimen being cast with ready-mix truck. 
 
 
Figure 60: Deck panel specimens being cast. 
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Figure 61: Tarp used to cover all specimens after casting. 
 




Table 20: Compressive strength of concrete used in deck panels at 7 and 28 days. 
Days after casting Compressive strength (psi) COV (%) 
7 5,775 11.53 
28 6,800 3.12 
 Once all the formwork was removed, the panels were sand blasted in order to create 
EA surfaces on the sides where UHPC will come into contact. Sand blasting of the panels 
is shown in Figure 63. GDOT typically specifies 1/8 in. amplitude of the EA surface for 
bridge construction in Georgia. The surfaces were constantly checked to ensure correct 
amplitude of the EA surface shown in Figure 64. An overview of EA finish on one of the 
panels is shown in Figure 65.  
 




Figure 64: Measurement of 1/8 in. of EA amplitude. 
 
 
Figure 65: Sand-blasted surface. 
 
 Panels were delivered to the Structural Engineering and Mechanics Laboratory 
(SEML) at Georgia Institute of Technology 28 days after they were cast. During transport, 
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some of the panels that incorporated GDOT’s key geometry suffered damages in the joint 
area. Figure 66 shows a damaged joint of one of the concrete deck panels during transport. 
The “lips” of the joint detail are known to be quite fragile, as it is a commonly occurring 
phenomena in GDOT’s construction practices. It is also for this reason that this research is 
considering deck panels that do not incorporate the “lips” details. Structural test specimens 
constructed using these deck panels will allow for an evaluation of eliminating joint details 
to ease construction processes in the field. 
 







5.2 Structural Test Specimens 
5.2.1 Construction of Joint Pours 
Structural test specimens were constructed by placing identical deck panels in such 
a way that each of the panels’ EA surfaces face each other. The joint was measured to 
ensure 6 in. of width in Figure 67. The protruding reinforcement were interlaced and create 
non-contact lap splice in the connection shown in Figure 68. Setup of a structural test 
specimen using deck panels that are 6 in. thick is shown in Figure 69. 
 




Figure 68: Non-contact lap splice in the joint region. 
 
 
Figure 69: Setup of two deck panels ready for joint pour. 
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One batch of UHPC was made to construct the closure pours in one structural 
specimen and to cast compressive and flexural test specimens. Each batch had 1.6 ft3 of 
UHPC. Figure 70 shows the construction of the UHPC joint. UHPC was poured at one end 
of the joint and was allowed to flow to the other end until the joint was filled. Each joint 
was filled with UHPC in one pour to prevent the formation of interfaces inside the UHPC. 
A closer look at the joint during and after UHPC pour is shown in Figure 71 and Figure 
72, respectively. 
 
Figure 70: UHPC joint pour. 
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Figure 71: Close-up of UHPC joint pour. 
 
Figure 72: UHPC joint after 3 days of curing time and removal of formwork. 
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As discussed in Chapters 3 and 4, 100 mm cube and 3 in. by 6 in. cylinder 
specimens were tested to evaluate compressive strength at 3, 7, and 28 days after casting. 
Beam specimens were tested 28 days after casting. Cubes, cylinders, and beams were 
demolded 24 hours after casting. These specimens were placed in a fog room at 73˚F until 
testing.  
5.3 Structural Test Setup and Procedures 
Figure 73 shows an overview of the structural test setup. A negative bending 
configuration was chosen in order to easily observe cracks as well as any debonding 
between UHPC and precast concrete throughout the test. LVDTs were attached on both the 
tension and compression faces of the concrete specimen. These LVDTs were used to 
measure the change in displacement across the UHPC joint region. A string potentiometer 
was installed on the floor to measure the midspan deflection of the specimen as it is loaded. 
Strain gauges that were pre-installed on two reinforcing bars inside the deck panel 
specimen are used to measure strain in steel reinforcement. A load cell with a capacity of 
100 kips was attached to a hydraulic ram that was operated by a pump with a shut off valve. 
The load cell bears on a steel plate via a steel sphere that is allowed to rotate in order to 
prevent the hydraulic ram from applying the load at an angle. A W8x48 beam was used to 
spread the load from the hydraulic jack to the two ends of the deck panel specimen. The 
panel specimen tested in this investigation incorporated steel reinforcing bars with 5 in. of 
embedment length and 4 in. of non-contact lap splice in the UHPC joint. 
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Figure 73: Deck panel specimen ready for load test. 
 
The deck panel specimen underwent quasi-static loading at a rate of approximately 
0.02 in./min. During the test, the applied load was held constant at a) Mcr, b) between Mcr 
and yield moment, My, c) at nominal moment, Mn, and beyond. This was done to identify 
cracks that occurred in the maximum moment region, particularly near and in the UHPC 
joint. The concrete deck panels had an average compressive strength of 7,445 psi with COV 
of 1.66% on the day of the test. Based on this strength, the load to reach Mcr was 7.25 kips. 
The loads to reach My and Mn, were 22 and 23 kips, respectively. One deck panel specimen 




5.4 Visual Observations 
5.4.1 Visual Assessment of Specimen at Mcr 
Visual inspection of the deck panel specimen was conducted at Mcr. Few cracks 
were observed in the concrete deck in the maximum moment region. There were no cracks 
that formed inside the UHPC connection region. Figure 74 shows cracks that were traced 
at Mcr. It is important to note that no visible cracks were observed in the UHPC, as 
expected. 
 
Figure 74: Cracks observed at Mcr circled in red. 
 
5.4.2 Visual Assessment between Mcr and My 
 The load was held constant at 0.7My to inspect for any cracks in the deck panel 
specimen. More cracks propagated in the maximum moment region as shown in Figure 75. 
Cracks also occurred at the interface between the UHPC connection and concrete deck as 
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shown in Figure 76 and Figure 77. No cracks were visible on the surfaces of UHPC joint. 
The larger cracks in the concrete deck within the maximum moment region indicate 
engagement of steel reinforcement as the specimen is being loaded. 
 




Figure 76: Cracks at the interface between the UHPC joint and concrete deck panel. 
 
 
Figure 77: Cracks at the interface shown inside the red ellipse. 
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5.4.3 Visual Assessment at My 
The applied load was held constant at My to inspect crack propagation in the 
specimen, especially in the UHPC connection. The previously observed interface crack had 
propagated as shown in Figure 78. This crack had a width of 0.007 in. The cracks in the 
concrete deck within the maximum moment region had a typical width of 0.020 in. These 
cracks have also propagated throughout the tension surface of the specimen as shown in 
Figure 79. No cracks were observed inside the connection region. 
 
Figure 78: Propagation of interface crack at My. 
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Figure 79: Crack propagation in the maximum moment region at My. 
5.4.4 Visual Assessment at Mn 
At the nominal flexural strength of the deck panel specimen, interface cracks had 
an increase in width from 0.007 in. to 0.03 in. The increase in crack width is shown in 




Figure 80: Wider crack observed at the interface at Mu. 
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Figure 81: Cracks on the top face of UHPC joint at circled in red. 
5.4.5 Visual Assessment beyond Mn 
 At 1.3Mn, the load was held constant to observe any cracks within the UHPC joint. 
A number of cracks appeared on the surfaces of the UHPC. Figure 82 and Figure 83 show 
the surface cracks in UHPC at 1.3Mn. UHPC surface cracks had typical widths of 0.01 in. 
The interface cracks widened from 0.03 in. to 0.07 in. 
The string potentiometer malfunctioned during the test. Therefore, only data up 
until the malfunction (at approximately 0.66My) is reported in Figure 85. In order to 
measure the approximate midspan deflection after the malfunction, an orange string was 
pulled taut along the length of the specimen. The vertical distance between the string and 
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the midspan was measured to be 2-7/16 in at the end of the test. Figure 84 shows how the 
deflection was measured. 
 




Figure 83: Side surface crack in UHPC at 1.3Mn. 
 
 
Figure 84: Approximate measurement of the midspan deflection at 1.3Mn. 
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Figure 85: Applied moment versus midspan deflection before string potentiometer 
malfunctioned. 
 
5.5 Moment-curvature and Strain Results 
 Data from LVDT readings were used to analyze moment-curvature relationships in 
the UHPC region and in the concrete deck. LVDTs on the tension side of the UHPC joint 
region showed erratic results. This made it difficult to formulate an accurate moment-
curvature relationship within the UHPC joint. Theoretical measurements of the neutral axes 
at Mcr, My, and Mn are used to approximate the curvature within the UHPC connection. 
Figure 86 and Figure 87 show the approximate moment-curvature relationships in the 
UHPC connection and concrete deck panel, respectively. The data suggest higher curvature 























































Figure 87: Approximate moment-curvature relationship in concrete deck panel. 
 
 The relationship between applied moment and strain of Grade 60 steel reinforcing 
bars in tension is shown in Figure 88. A theoretical yield strain of 0.002 is observed at 
0.8My. However, the moment versus strain graph of the steel reinforcement shows that the 
bars remain linear elastic until approximately My. This suggests that the bars may have a 






















Figure 88: Moment-strain relationship of steel reinforcing bars in tension. 
 
5.6 Remarks 
 The UHPC connection showed no cracks until My of the specimen was reached. As 
the specimen was loaded beyond My, thin cracks were observed on the surface of the 
connection region. Cracks at the interface between UHPC and concrete occurred at lower 
loads than My, but debonding of the two materials was not observed. The steel reinforcing 
bars have also undergone yielding prior to any observable failure in the connection. These 
observations indicate a satisfactory behavior of the deck panel specimen that employ the 
non-proprietary UHPC connection detail. Another important detail to note is the lack of a 





















1/8 in. amplitude. Additional tests will need to be performed to determine whether a shear 
key geometry can be eliminated entirely to ease fabrication of structural elements.  
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 
6.1 Conclusions 
6.1.1 Development and Material Testing of Non-proprietary UHPC Mix Design 
 One of the primary objectives of this research was to develop a UHPC mix design 
that uses locally available materials in the state of Georgia while meeting the required 
strength parameters. The non-proprietary UHPC mix design, 1F31K8, was developed for 
this purpose. The mix design consists of Type I cement, Class F fly ash, metakaolin, 
masonry sand, HRWR, and steel fibers that are easily accessible within the state of Georgia. 
This mix has not only displayed good workability, but also met the required compressive 
strength of at least 18,000 psi at 28 days and tensile strength of 750 psi. 
Mixing procedures and material testing protocols outlined in this work have 
demonstrated consistently satisfactory results. Dry blending of materials and a delayed 
addition of water helps improve the workability of UHPC without compromising its 
strength. Employing relevant standards from ASTM and BS to test for material properties 
helps increase the variety of available tests. Specifically, this research included the use of 
cubic compression specimen and small beam four-point bending experiments to determine 
the tensile strength. It was found that modifications to the load rate can be made in order 
to speed up the process of testing UHPC specimens, without affecting the results. 
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6.1.2 Structural Testing of 1F31K8 as a Closure Pour Material 
 In order to evaluate the performance of 1F31K8 as closure pour between concrete 
deck panels. a four-point negative bending test configuration was developed. Design and 
construction of these deck panel specimens have been outlined in this work. The test setup 
involves placing a deck panel specimen onto support pedestals using fabricated rollers. 
Two load plates were placed at the ends of the specimen supported a spreader beam. This 
spreader beam transferred the load from the hydraulic ram mounted to a load frame down 
to the specimen. 
 One proof-of-concept experiment was performed in this research. The setup of the 
four-point bending configuration overall performed as expected. Having the tension side 
face up makes identifying and inspecting cracks very easy. A few instrumentations such as 
the string potentiometer and LVDT on the tension side of UHPC did not provide adequate 
results.  
 Based on the overall behavior of the deck panel specimen, the non-proprietary 
UHPC developed works well as a closure pour. No damage was evident in the UHPC 
connection until at least the specimen was loaded to My. Additionally, the yielding of steel 
reinforcing bars prior to failure in the UHPC connection suggests that 5 in. of embedment 
length may be sufficient for a No. 5 bar to fully develop its strength.  
6.2 Recommendations for Future Research 
 Future research can be conducted to potentially better evaluate the behavior of 
1F31K8. A direct tension test of UHPC specimens could give more insight regarding 
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tensile properties. Chloride ion penetration, which causes corrosion in reinforcing bars in 
concrete, will need to be evaluated to ensure durability of structures that will potentially be 
built with 1F31K8 in the future. The relationship between steam treatment and other 
methods of curing and the mechanical properties of 1F31K8 can also be investigated. 
 Materials from suppliers other than the ones listed in this work should also be used 
to mix and test the performance of 1F31K8. Longer fibers or steel fibers with hooked ends 
can also be used to examine how properties of UHPC change. Adjustments may need to be 
made in the mix design depending on the properties of materials being used. This can 
potentially allow GDOT to have a variety of non-proprietary UHPC mix to choose from to 
best suit their project needs.  
 Work should also be done to ensure constructability of 1F31K8 in conditions 
similar to the field. A high shear mixer was used to make all UHPC in this research. 
However, a high shear mixer may not always be available at a construction site. A different 
type of mixer, such as a pan mixer, should be used to ensure that UHPC can be made with 
equipment that are more readily available in the field 
 Improvements to the structural test can be made by modifying the test 
configuration. The support and load plates were seated on rubber bearing pads in this 
research. To ensure even distribution of load in the specimen, the support and load plates 
should be seated on steel plates, which are then placed on rubber bearing pads. In order to 
reduce any tension stiffening effects in the specimen, the support and load plates should be 
designed so that they are not only free to rotate, but also move horizontally. Careful 
planning and arranging instrumentation is necessary to avoid any possible malfunctions 
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while testing. The wires of all instrumentation have to be rearranged to ensure that there is 
enough slack.  
To better evaluate the structural service life performance of UHPC, cyclic loading 
tests should be performed to evaluate the fatigue strength. Pull-out tests of reinforcing bars 




APPENDIX A. MATERIALS AND EXPERIMENTAL DATA 
A.1  Sieve Analysis Data of Masonry Sand 
Table 21: Masonry sand sieve analysis data. 









4 0 0.00 0.00 326.29 100 
8 0.07 0.02 0.02 326.22 99.98 
16 3.43 1.05 1.07 322.79 98.93 
30 33.49 10.26 11.34 289.3 88.66 
50 141.65 43.41 54.75 147.65 45.25 
100 122.51 37.55 92.30 25.14 7.70 
200 24.02 7.36 99.66 1.12 0.34 










A.2  Compressive Strength Test Data of 1F31K8 
Table 22: Compressive strength test data for Batches 2 to 4. 
Mix Name Batch 2 Batch 3 Batch 4 
Mix Date 7/20/20 8/10/20 8/17/20 
3 Day Test 
Date 7/23/20 8/13/20 8/20/20 
Results (ksi) 
15.65 13.57 14.19 
14.50 14.32 13.82 
15.16 13.98 15.63 




0.57 0.38 0.96 
COV (%) 3.80 2.70 6.58 
    
7 Day Test 
Date 7/27/20 8/17/20 8/24/20 
Results (ksi) 
15.71 14.76 15.91 
17.16 16.80 16.94 
16.63 16.08 17.22 




0.73 1.03 0.69 
COV (%) 4.44 6.50 4.12 
    
28 Day Test 
Date 8/17/20 9/7/20 9/14/20 
Results (ksi) 
16.08 18.23 18.61 
18.18 17.11 17.27 
17.99 19.07 16.57 




1.16 0.98 1.03 
COV (%) 6.66 5.43 5.92 
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Table 23: Compressive strength test data for Batches 5, 6, and 8. 
Mix Name Batch 5 Batch 6 Batch 8 
Mix Date 11/16/20 11/23/20 12/15/20 
3 Day Test 
Date 11/19/20 11/26/20 12/18/20 
Results (ksi) 
14.58 13.67 13.83 
12.36 14.11 13.69 
14.87 14.61 13.32 
Mean (ksi) 13.94 14.13 13.61 
Standard 
Deviation (ksi) 1.38 0.47 0.26 
COV (%) 9.88 3.31 1.91 
    
7 Day Test 
Date 11/23/20 11/30/20 12/22/20 
Results (ksi) 
16.02 16.11 14.57 
16.90 15.95 15.57 
16.10 15.84 15.96 
Mean (ksi) 16.34 15.97 15.37 
Standard 
Deviation (ksi) 0.49 0.14 0.72 
COV (%) 2.99 0.88 4.68 
    
28 Day Test 
Date 12/14/20 12/21/20 1/12/21 
Results (ksi) 
18.64 19.71 16.93 
19.27 19.29 17.66 
18.56 18.87 17.35 
Mean (ksi) 18.82 19.29 17.31 
Standard 
Deviation (ksi) 0.39 0.42 0.37 




Table 24: Compressive strength test data for Batches 9 to 11. 
Mix Name Batch 9 Batch 10 Batch 11 
Mix Date 2/8/21 2/15/21 2/22/21 
3 Day Test Date 2/11/21 2/18/21 2/25/21 
Results (ksi) 
14.19 14.51 15.33 
14.10 15.01 15.43 
13.75 13.81 15.37 
Mean (ksi) 14.01 14.44 15.38 
Standard 
Deviation (ksi) 0.23 0.60 0.05 
COV (%) 1.65 4.17 0.35 
    
7 Day Test Date 2/15/21 2/22/21 3/1/21 
Results (ksi) 
16.50 15.70 16.73 
15.22 16.27 16.30 
16.26 15.50 17.14 
Mean (ksi) 16.00 15.82 16.73 
Standard 
Deviation (ksi) 0.68 0.40 0.42 
COV (%) 4.25 2.53 2.51 
    
28 Day Test 
Date 3/8/21 3/15/21 3/22/21 
Results (ksi) 
19.71 18.94 19.85 
19.09 19.40 20.45 
19.39 19.00 19.59 
Mean (ksi) 19.40 19.12 19.97 
Standard 
Deviation (ksi) 0.31 0.25 0.44 




A.3 Compressive Strength Test Data of 1F24Sf25 
Table 25: Compressive strength test data for Batches 1 and 7. 
Mix Name Batch 1 Batch 7 
Mix Date 7/13/20 12/11/20 





Mean (ksi) 12.97 12.75 
Standard 
Deviation (ksi) 0.12 0.21 
COV (%) 0.90 1.62 
   





Mean (ksi) 13.70 14.50 
Standard 
Deviation (ksi) 1.00 0.37 
COV (%) 7.32 2.55 
   
28 Day Test 





Mean (ksi) 17.18 16.29 
Standard 
Deviation (ksi) 1.16 0.50 
COV (%) 6.73 3.09 
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A.4 Flexural Performance Results of 1F31K8 
Graphs of load versus midspan deflection of 2 in. by 2 in. and 3 in. by 3 in. beams 
are shown in Figure 89 through Figure 97. Modulus of rupture at first crack and post crack 
are summarized in Table 26 through Table 34. 
 
Figure 89: Applied load versus midspan deflection of 2 in. by 2 in.  beams (Batch 7) 
 
Table 26: Summary of fr at first and post peak load (Batch 7) of 2 in. by 2 in. beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 1965 2725 
2 --* --* 
3 2210 2685 
COV (%) 8.31 1.05 
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Figure 90: Applied load versus midspan deflection of 2 in. by 2 in. beams (Batch 8) 
 
Table 27: Summary of fr at first and post peak load (Batch 8) of 2 in. by 2 in. beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 2460 2460 
2 2680 2735 
3 2385 3450 
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Figure 91: Applied load versus midspan deflection of 3 in. by 3 in. beams (Batch 8) 
 
Table 28: Summary of fr at first and post peak load (Batch 8) of 3 in. by 3 in. beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 2210 3380 
2 2175 2985 
3 2135 2835 
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Figure 92: Applied load versus midspan deflection of 2 in. by 2 in. beams (Batch 9) 
 
Table 29: Summary of fr at first and post peak load (Batch 9) of 2 in. by 2 in. beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 2085 2090 
2 2085 2085 
3 1995 2025 
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Figure 93: Applied load versus midspan deflection of 3 in. by 3 in. beams (Batch 9) 
 
Table 30: Summary of fr at first and post peak load (Batch 9) of 3 in. by 3 in. beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 2605 2605 
2 2620 2620 
3 2595 2760 
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Figure 94: Applied load versus midspan deflection of 2 in. by 2 in. beams (closure pour 
1) 
 
Table 31: Summary of fr at first and post peak load (closure pour 1) of 2 in. by 2 in. 
beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 -- -- 
2 2695 2695 
3 2855 2855 
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Figure 95: Applied load versus midspan deflection of 3 in. by 3 in. beams (closure pour 
1) 
 
Table 32: Summary of fr at first and post peak load (closure pour 1) of 3 in. by 3 in. 
beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 2955 2955 
2 2625 2625 
3 2810 3510 
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Figure 96: Applied load versus midspan deflection of 2 in. by 2 in. beams (closure pour 
2) 
 
Table 33: Summary of fr at first and post peak load (closure pour 2) of 2 in. by 2 in. 
beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 2535 2535 
2 2995 3475 
3 2850 3165 
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Figure 97: Applied load versus midspan deflection of 3 in. by 3 in. beams (closure pour 
2) 
 
Table 34: Summary of fr at first and post peak load (closure pour 2) of 3 in. by 3 in. 
beams. 
Specimen No. 𝑓𝑓𝑟𝑟  @ first peak load (psi) 𝑓𝑓𝑟𝑟  @ post peak load (psi) 
1 3085 3650 
2 2480 3660 
3 2470 3100 
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